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Abstract
Jets are ubiquitous in the Universe and, as demonstrated by this volume, are
seen from a large number of astrophysical objects including active galactic nu-
clei, gamma ray bursters, micro-quasars, proto-planetary nebulae, young stars
and even brown dwarfs. In every case they seem to be accompanied by an ac-
cretion disk and, while the detailed physics may change, it has been suggested
that the same basic mechanism is responsible for generating the jet. Although
we do not understand what that mechanism is, or even if it is universal, it is
thought to involve the centrifugal ejection of matter from the disk along mag-
netic field lines. For a number of reasons, in particular their proximity and the
abundant range of diagnostics to determine their characteristics, jets from young
stars and their associated outflows may offer us the best opportunity to discover
how jets are generated and the nature of the link between outflows and their
accretion disks. Recently it has become clear that jets may be fundamental to
the star formation process in removing angular momentum from the surround-
ing protoplanetary disk thereby allowing accretion to proceed. Moreover, with
the realisation that planetary formation begins much earlier than previously
thought, jets may also help forge planets by determining initial environmental
characteristics. This seems to be particularly true within the so-called terrestrial
planet forming zone. Here we review observations of jets from young stars which
have greatly benefitted from new facilities such as ALMA, space observatories
∗To appear in the New Astronomy Reviews special volume 100 Years of Jets (eds. Rob
Fender and Ralph Wijers)
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like Spitzer, Herschel and HST, and radio facilities like LOFAR and the VLA.
Interferometers such as CHARA and GRAVITY are starting to make inroads
into resolving how they are launched, and we can look forward to a bright future
in our understanding of this phenomenon when JWST and the SKA come on
stream. In addition, we examine the various magnetohydrodynamic models for
how jets from young stars are thought to be generated and how observations
may help us select between these various options.
1 Historical Introduction
In the 1950s, George Herbig and Guillermo Haro (Herbig, 1951; Haro, 1952)
discovered the nebulous patches in Orion that now bear their name. At first
these were thought to be actual “cradles” of stellar birth and it was not until
the 1960s that Richard Schwartz (Schwartz, 1977) realised that Herbig-Haro
(HH) objects may be part of an outflow from a young star. This he thought
likely because their spectra bore certain similarities to the shock ejecta from
supernova remnants.
It was not however until the development of the Charge-Couple Device
(CCD), with its vastly superior quantum efficiency in comparison to photo-
graphic plates, that the “dots were joined”. The nebulous clouds seen by
Herbig and Haro were found to be driven by, or parts of, a highly collimated
line emitting jet. At the same time the use of CCDs was coming to the fore,
millimeter wave astronomy was undergoing a revolution. The first large mil-
limeter grade dishes, in combination with superheterodyne receivers, started
to map star formation regions in single molecular transitions such as the
fundamental 2.3 mm J = 1→0 rotational line of CO. Hoping to see matter
collapsing inwards to form a star, to their surprise the early pioneers dis-
covered matter was actually flowing away: outflow rather than inflow was
observed. Often diametrically opposite red-shifted and blue-shifted lobes
were seen moving at velocities of tens of kms−1 and straddling the young
star (Snell et al., 1980). Since this gas had to be at very low temperatures,
otherwise the 2.3 mm CO transition would not be excited, such molecular
outflows had to be highly supersonic.
In a number of cases clear associations were seen between the optical
outflows and their molecular counterparts. The optical line emission was
observed to be strewn along the same axis as the molecular emission and the
latter to encase the former (e.g, Snell et al., 1985). As the area that could be
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surveyed by CCDs grew, with their increasingly larger format, it became clear
that outflows from young stars could extend up to several parsecs, stretching,
in some cases, beyond the boundaries of the young star’s associated molecular
cloud (Bally et al., 2012; Qiu et al., 2019).
As outflows were observed from a whole host of young stars of different
masses and evolutionary phases, certain patterns were seen to emerge. First
of all whether an outflow appeared or not depended on whether the young
star was surrounded by an accretion disk. No accretion disk implied no jet,
although the converse was not necessarily true. It was also found that the
strength of an outflow depended on the evolutionary status of the parent
star: less evolved stars have more powerful outflows. As we shall see, this
is in line with the fact that such stars have stronger accretion rates, all else
being equal, and the relationship between outflow and accretion rates (see
5).
At this point it may be useful to point out how we distinguish between
young stars at different evolutionary phases. The standard picture, for solar-
like stars, is that their formation begins through the radial collapse of a
molecular core, perhaps a parsec across, and that this gives rise to the birth
of one or more stars (e.g Krumholz, 2015). In the earliest phase, most of
the mass is still contained in the surrounding envelope, the energy output is
entirely dominated by accretion onto the central object, and there are many
tens of magnitude of visual extinction present. The source at this stage is
referred to as a Class 0 (Andre et al., 1993) young stellar object (YSO).
Observations shows that such objects already possesses a disk as well as an
outflow. The spectral energy distribution (SED) of a Class 0 YSO closely
resembles a blackbody with temperatures of at most a few tens of K and a
peak flux in the millimeter regime. The SED is dominated by the optically
thick envelope.
In the next phase, Class I (Lada and Wilking, 1984), the protostar has
either accreted or driven away enough of its envelope that the effects of
extinction are considerably reduced. The YSO now emits in the near-infrared
(NIR) and its SED is dominated by the contribution from the disk along
with one from the envelope. Once the YSO becomes optically visible, its
photosphere can be observed, and it is now a T Tauri star (TTS) or, if a few
times more massive than the Sun, a Herbig Ae/Be star. T Tauri stars are
further sub-divided into those with accretion disks, so-called classical T Tauri
stars (cTTS), or those without disks, referred to as weak-line T Tauri Stars
(wTTS). These are also known as Class II and Class III YSOs respectively
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(Lada and Wilking, 1984). Although estimates vary somewhat as to how
long an individual young star takes to go through each phase, as a rule of
thumb both cTTSs and wTTSs are at most a few million years old. At
all stages of the process, the luminosity of the YSO is derived either from
accretion or, in more evolved sources, from gravitational contraction. At no
time has fusion been ignited in the core. As pointed out previously, jets are
only present when a YSO is surrounded by an accretion disk, thus while a
number of cTTS have been found to possess jets, jets are not found around
bona fide wTTS.
2 Physical Characteristics of YSO Jets
Jets from young stars have been observed at a variety of wavelengths from the
X-ray regime right down to the radio band. In this review we will concentrate
on the optical and NIR bands as historically this is where much of the effort
on understanding their nature has focused.
The radiation from YSO jets is for the most part characterised by line
emission, at least from the UV to the sub-millimeter bands. At optical and
NIR wavelengths, this is a combination of both permitted, e.g. Hα, and
forbidden lines, e.g [OI]λ630 nm, [SII]λλ671.6 nm, 673.1 nm, [FeII]λ1.64µm,
etc. (see Fig. 1). The presence of such forbidden lines immediately implies
that electron densities must be low (at most 104–5cm−3) in some parts of the
jet (Hartigan et al., 1995). Moreover, as also recognised by Schwartz (1977)
many years ago, the line emission in Herbig-Haro jets comes from the cooling
zone of shocks, rather than from photo-ionization.
This presence of line emission can thus be used to infer fundamental pa-
rameters such as a jet’s radial velocity, and typical values of around a few
hundred kms−1are found. We expect of course tangential velocities to be
similar and this is consistent with observed proper motions (e.g., Eisloeffel
and Mundt, 1992). In fact, the combination of radial velocities, proper mo-
tions and known distance to the source, gives us a full 3-D kinematic picture
of a jet. Moreover the inclination angle of the outflow to the plane of the sky
can be determined in this way.
Now line spectra can also be used to derive a jet’s temperature and there-
fore its local sound speed. As the temperatures found are around 104 K, i.e.
the sound speed is approximately 10 kms−1, YSO jets are thus highly super-
sonic with Mach numbers, MJet, of around 20-30. Since the opening angle
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(in radians) of an unconfined supersonic flow ≈ 1
MJet
, i.e. the sound speed
divided by the jet’s velocity, we expect values of a few degrees at most. Since
these are the values typically found not only in atomic but even in some
molecular species (Codella et al., 2007), we can assume jets for the most part
are advancing ballistically or at least they are not confined laterally. Note
that this only refers to distances of several hundreds of au from the source
where the magnetic field is expected to be too weak to play a role in the jet’s
dynamics (Hartigan et al., 2007). Closer to the source, magnetic fields are
expected to play a major role in launching and focusing the jet.
Raga and Kofman (1992) noted the morphological similarity of YSO jets,
such as the HH 34 system (Buehrke et al., 1988), to those from Active Galac-
itc Nuclei (AGNs) and in particular they proposed a similar model to explain
their knots, as suggested by Rees (1978) for the M87 jet, i.e. the observed
knots are so-called “working surfaces” i.e. internal shocks. Such shocks occur
as a result of velocity variations in a highly supersonic flow as more rapidly
advancing jet material catches up with slower material ahead of it. The
effective shock velocity is then determined by the difference in velocity of
material rather than by its absolute value. The latter would only be relevant
for a light jet flowing into a relatively dense stationary medium, e.g. molecu-
lar cloud material or the interstellar medium (ISM) at the terminus of a jet.
The existence of working surfaces explains a conundrum: why the indicated
shock velocities at knots are often so low (typically a few tens of kms−1in
comparison to their bulk speeds (Hartigan et al., 1994).
That is not to say jet shock speeds are always low: in fact, the largest scale
structures which resemble giant bows, such as those in HH 34 and HH 212 are
associated with very high shock velocities. This is implied, not only through
their spectroscopic line profiles but also by the high degree of ionisation at
their apex, giving rise to, for example, [OIII] emission (Buehrke et al., 1988).
Of course shocks in YSO jets and those in AGN jets differ in a fundamen-
tal way apart from the obvious dissimilarities in size and velocity. Shocks in
AGN jets are essentially adiabatic, in relative terms the energy losses at their
working surfaces are small. In contrast, shocks in YSO jets are radiative, and
sometimes a significant fraction of the shock energy can be converted into
line emission.
From a diagnostic perspective, and as already mentioned, the presence of
line emission offers a distinct advantage over the broad, often bland, contin-
uum seen in AGN jets: using line diagnostics one can readily determine a
jet’s fundamental parameters such as temperature, velocity, electron density,
5
Figure 1: The HH 901 and HH 902 outflows as imaged by HST’s Wide Field
Camera 3. The colours in this composite image correspond [OI] (blue), Hα
(green), and [SII] (red). Credit: NASA, ESA, M. Livio and the Hubble 20th
Anniversary Team (STScI).
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etc. Moreover, indirectly we can obtain others. For example, using the as-
sumption of charge exchange, i.e. species such as sulphur or oxygen become
ionized, or end up in an excited neutral state, through charge exchange with
hydrogen, the total density of neutral plus ionized species can be obtained.
Modeling then shows (e.g., Bacciotti and Eislo¨ffel, 1999) that YSO jets are
mostly neutral with ionisation levels typically around 1–10% (Podio et al.,
2009).
If we have the total density then clearly using the jet radius, in combina-
tion with its velocity, we can determine the mass flux through the jet. Such
fluxes are found to vary widely (10−5–10−8 M/yr) but in general a number
of expected trends are seen. For example, mass loss rates are observed to
decrease with advancing evolutionary phase for a young star of fixed mass
but also increase with the mass of the protostar (Purser et al., 2016). Since
outflow rates roughly correlate with accretion rates, this reflects what is seen
for mass accretion rates onto young stars (e.g., Antoniucci et al., 2014).
3 What an Outflow from a Young Star Looks
Like: The Case of HH 211
HH 211 was the first outflow from a young star that was found, not in the
optical but, in the NIR using a narrow band filter centered on the 2.12µm
line of shocked molecular hydrogen (McCaughrean et al., 1994). Two clear
large bow shocked-shaped features are seen pointing to the northwest and
southeast of its source (marked with a white cross in Figure 2). It is close
to the young stellar cluster IC 348 and is located approximately 300 pc away.
The source itself is a highly embedded Class 0 YSO and the outflow appears
to be very young: a dynamical timescale of only 1,000 years is inferred from
dividing its projected length by its tangential velocity of approximately 100
kms−1(Jhan and Lee, 2016). Following on from its discovery in the NIR,
molecular observations at longer wavelengths, using the CO J=1-0 and J=2-
1 lines as tracers, also revealed a very collimated bipolar structure Gueth
and Guilloteau (1999). In fact if we assume the bow features observed in
molecular hydrogen emission are where the bipolar jet rams into and shocks
the surrounding interstellar medium, then the morphology of the CO emission
clearly suggests cavities in the wake of these terminal shocks. This is in line
with shock-entrainment as the formation mechanisms for young, embedded
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Figure 2: The HH 211 Outflow near IC 348 in shocked molecular hydrogen
emission at 2.12µm. The central source is a highly embedded Class 0 YSO
the position of which is marked by a white cross. Red shows shocked SiO
emission. This is in the form of a highly collimated jet that appears to be
driving the molecular outflow. Credit: Lee et al. (2018) and reproduced with
permission of the lead author.
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Figure 3: A comparison of NIR H2 2.12µm (white contours) emission and
CO J=2→0 emission (in green) for the HH 211 blueshifted SE lobe. The CO
emission, which covers the velocity interval of -11.2 to =1.7 kms−1 here, was
mapped using the SMA. Some HCN J=3→2 knots near the apex are also
seen. At more blueshifted velocities the CO emission is closer to the axis of
the SiO jet observed in Fig. 2. Effective beam sizes are shown in the bottom
right corner. Credit: Tappe et al. (2012). Reproduced with permission of
the authors and ©AAS.
molecular outflows (Gueth and Guilloteau, 1999).
In other molecules, such as SiO, the outflow appears much more highly
collimated than in low rotational transitions of CO (compare Figs. 2 and 3).
Species such as SiO are enhanced, by several orders of magnitude, through
grain-sputtering in shocks (Nisini et al., 2007). Thus in Fig. 2, where we see
SiO emission, we are really observing where the shocks are strong enough to
significantly impact on dust grains. Although the HH 211 region is clearly
highly embedded, and thus difficult to observe optically, nevertheless the
presence of an underlying atomic jet can be inferred from far-infrared obser-
vations, e.g. [OI] 63µ and 145.5µ data from Herschel/PACS (Dionatos et al.,
2018).
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4 What Radio Emission from Outflows Has
to Tell Us
Early observations of jets from young stars with, for example, the Very Large
Array (VLA) showed them to be faint radio emitters with the flux at fre-
quency ν, Sν . 1 mJy at around 5 GHz). Their spectra were found to be
thermal with Sν ∝ να and α in the range 0.1 to 1.0 (Anglada et al., 2018).
Models approximating the radio emission as a wind of fixed opening angle
(typically a few tens of degree) appeared to fit the data well (Reynolds,
1986). Maps of the source often showed the emission to be elongated in
the direction of the known optical/near-infrared jet and occasionally more
distant radio emission was seen, again along the jet axis. In a number of
cases, proper motion measurements could be made and these were found to
be close to those derived from line emission at optical/near-infrared wave-
lengths, i.e. a few hundred kms−1 (e.g., Rodriguez et al., 1989). Assuming
total (radial plus tangential) jet velocities to be similar to those of their op-
tical counterparts, observed radio fluxes can be used in combination with
known distances to derive mass loss rates. While these were typically found
to be considerably lower than those inferred from optical line emission, the
different values can be reconciled by noting that the latter represents both
the atomic (neutral) and ionized component whereas the radio emission only
comes from the ionized component. Thus mass loss rates derived from radio
emission are effectively lower bounds and typically suggest 1-10% of a jet is
ionized.
Since however the early observations of YSO jets described above, the
sensitivity of interferometers such as the VLA in the US or MERLIN in the
UK have increased enormously. This is as a result of the broader bands now
observable using fibre optic links1. For example observations carried out in
so-called C-band (from 4-8 GHz) routinely encompass 1 GHz either side of
the chosen central frequency. Such an increase in sensitivity is leading to a
resurgence of interest in mapping YSO outflows and even carrying out large
surveys of star formation regions (Tychoniec et al., 2018). Moreover the
availability of very low frequency arrays such as LOFAR are beginning to
make an impact in this field. For example in the case of thermal emitting
jets, the expected turnover at low radio frequencies has been found thus
allowing us an independent estimate of the electron density and the total
1In the past microwave links or coaxial cable were used with very limited bandwidth.
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mass of ionized gas (Coughlan et al., 2017).
Perhaps however the most intriguing finding in the past few years is that
a growing number of outflows have non-thermal emission or, at least, a non-
thermal component mixed in with thermal one. The classic example is the
HH80/81 outflow associated with the massive young star IRAS 18162-2048.
This jet stretches over 5 pc and while the radio spectral index towards the cen-
tre of the outflow suggests thermal emission, a non-thermal index is derived
further out. Moreover, the jet has been observed to be linearly polarized, a
clear signature of synchrotron emission (Carrasco-Gonza´lez et al., 2010). Soft
X-ray thermal emission has been observed ahead of the non-thermal radio
peak (Rodr´ıguez-Kamenetzky et al., 2019) suggesting a forward shock that
heats gas up to 106 K and a reverse shock (Mach disk) where the relativistic
particles are likely to be accelerated. Other cases of non-thermal emission
have been found (e.g., Ainsworth et al., 2014) in outflows from solar-like
young stars where the velocity of the outflow is considerably lower than the
1,000 kms−1reached in HH80/81. Clearly, and in conditions very unlike those
seen in supernova remnants for example, it is possible to accelerate particles
to high energies. How this is done is still under debate (e.g., Bosch-Ramon
et al., 2010) but an interesting prediction of such models is that YSO jets
should produce γ-ray emission through the Inverse Compton process. Recent
observations, based on a time base of 10 years with the Fermi-LAT satellite,
show the HH80/81 jet may well be a source of γ-ray photons up to 1 GeV
(Yan et al., 2019).
Finally it should be remarked that low frequency observations of non-
thermal emission can offer us another method of measuring the magnetic
field in an outflow. This technique relies on the fact that an outflow lobe
can consist of a mixture of relativistic particles in combination with thermal
electrons. The latter, depending on the electron density, de-collimates the
forward-beamed radiation from the non-thermal electrons, giving rise to a
decrease in flux or effectively a turnover in the synchrotron spectrum. If
the electron density is known from line diagnostics (e.g. using the ratio of
the red [SII] doublet) then the magnetic field can be derived. This, so-called
Razin Effect, may have been seen in a YSO outflow for the first time (Feeney-
Johansson et al., 2019). The derived magnetic fields are in line with what
is expected, and as found, by totally independent line diagnostic techniques
(Hartigan and Wright, 2015).
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5 Linking Accretion with Ejection
Accretion onto a young star can be measured in a variety of ways (Antoniucci
et al., 2014) and an obvious link to look for is between the level of accretion
and the strength of its outflow. This is perhaps an appropriate juncture to
explain in more precise terms what is meant by the term “outflow”. The
typical velocities, i.e. the sum of the radial and tangential velocities, of ma-
terial observed in optical/NIR lines for example, is a few hundred kms−1, i.e.
comparable to the escape velocity from the young star. In other words this
component of the outflow clearly originated from deep in the gravitational
well. In contrast molecular outflows, at least in low excitation lines such as
the fundamental rotational transition of the CO molecule at 2.3 mm, are seen
to be slowly moving, i.e. roughly at a few tens of kms−1. Despite its slow
motion, the total mass of molecular gas set in motion is considerable. This
was recognised very early on (e.g., Stojimirovic´ et al., 2006) with the discov-
ery that while the molecular outflow might consist of several solar masses
of material, the star at the centre of the outflow could be less than a solar
mass. The inference from this is either star formation is very inefficient in
the sense that many solar masses of material must be funneled in and away
from a protostar for the latter to acquire even a mass comparable to the sun
or alternatively that the high velocity outflow from the young star is very
efficient in driving molecular material around it. Modeling shows the latter
statement to be more likely to be correct (Richer et al., 2000). In other words,
to borrow a phrase from Theology used first by Saint Thomas Aquinas, the
high velocity jet is, at least to a first approximation, the“prime mover”.
Returning then to the question of the link between accretion and outflow:
we can now define the outflow in a consistent way by looking at the atomic
line emission. A number of authors have investigated this problem using both
values for the outflow determined from extended, i.e. distant, spatially re-
solved sections of the jet (Hartigan et al., 1994) as well as using line emission
close to the source that is identified, through its kinematic and other phys-
ical properties, as the spatially unresolved jet component (Hartigan et al.,
1995). Moreover, aside from optical and NIR lines, mid- and far-infrared
atomic lines can also be used as a diagnostic for more embedded sources and
outflows (Watson et al., 2016). Estimating accretion onto a star can be done
in a number of ways. All pre-main sequence stars derive their luminosity
from either the release of potential energy through gravitational contraction
and/or the depositing of matter onto the surface of the star (see Fig. 4), along
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magnetic field lines that acts as funnels (Edwards, 1997). The gravitational
contraction timescale, also known as the Kelvin-Helmholtz timescale is rel-
atively long, i.e. tens of millions of years for a solar mass star, whereas the
accretion timescale is much shorter. In other words the accretion luminosity
dominates over any contribution from contraction if the protostar is young
enough. Thus the stellar luminosity:
L∗ ≈ GM∗M˙acc/R∗ (1)
is a good measure of accretion, M˙acc asssuming the stellar mass, M∗, and the
radius, R∗, is known. In the case of the optically visible classical T Tauri
stars, or their more massive counterparts the Herbig Ae/Be stars, the line
profiles from their photospheres in combination with a measure of their pho-
tospheric luminosities, allowing for extinction, can also be used as proxies
to deduce an accurate accretion luminosity (Antoniucci et al., 2014). An
alternative approach, which produces similar results in the case of classical
T Tauri stars, is to measure their UV excess (Venuti et al., 2015). This ex-
cess, not seen in the case of main sequence stars of similar spectral types,
comes from radiation produced by material accreted onto the star as it goes
through a strong shock close to the stellar surface (Koenigl, 1991) and see
Fig. 4. In addition to the UV excess, there is a continuum from the accretion
shock that extends into the optical. While the UV emission appears as a
“bump” on the Wien part of the spectral energy distribution, the continuum
extends into the photospheric spectrum of the star itself. This means that
normal photospheric absorption lines are “filled-in”, a phenomenon known
as line veiling (Calvet and Gullbring, 1998). Veiling then can be used as an
accretion measure. Finally it should be mentioned that a number of emis-
sion lines can be used effectively as proxies for accretion once the correlation
between line luminosity, allowing of course for any extinction effects, and
accretion luminosity is determined (e.g. Alcala´ et al., 2017).
Ultimately of course accretion (Fig. 4) is thought to occur through the
disk surrounding the star. In order for disk material to move radially inwards,
angular momentum must be removed from it first. Disk winds, which can
subsequently be collimated into jets, can do this if they are ejected with
spin. Alternatively viscosity in a disk can redistribute angular momentum
by moving some material inwards, and allowing it to accrete, while at the
same time transporting the excess angular momentum outwards. In this
way disks actually grow with time, i.e. viscous spreading occurs. There is
some evidence that this might occur, e.g. Najita and Bergin (2018) find that
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Figure 4: Accretion and winds around YSOs. The standard paradigm is
that accretion, and hence radially inwards motion, occurs in the first in-
stance through the disk at least up until the so-called co-rotation radius. To
do so material must lose angular momentum perhaps as a result of the wind
possessing spin. From the vicinity of the co-rotation radius accretion then
proceeds along magnetically guided columns onto the star. Before impacting
on the stellar surface, the accreted material has to be slowed down through a
shock. Emission from the columns is responsible for the time-varying, com-
plex emission line profiles observed at the source. Credit: Hartmann et al.
(2016)and reproduced with the permission of the lead author and ©ARA&A.
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most Class II (T Tauri) disks are typically larger than those from an earlier
evolutionary phase. There is, however, a large spread in sizes and many
Class II disks are relatively small. Ultimately disk sizes may be controlled
through a combination of disks winds, photo-evaporation and the effects of
newly formed planets. Models of disk accretion, i.e. the possible means to
transport the disk angular momentum away, will be reviewed below, in the
section on disk winds.
6 The different scenarios for YSO jets
Discussions about the physical origin of YSO jets followed the same pattern
as in AGN jets. Indeed, jets could either be powered by the central object
(stellar winds) or linked to the circumstellar accretion disk (disk winds).
Moreover, besides finding a model for jet production, one should also seek
a mechanism regulating the spin evolution of a protostar. Indeed, it was
soon realized that Class II T Tauri stars were slow rotators with typical
periods of 8 to 10 days, i.e. only about 10% of their breakup speed (Bouvier
et al., 1986; Bertout, 1989). This is one of the yet unsolved mysteries of
star formation: where does the stellar angular momentum go during the
embedded phase (Classes 0 and I)? In addition, it appears that as long as the
circumstellar disk is present (Class II), the protostar maintains a constant
period, a situation referred to as ”disk locking” (see Gallet and Bouvier
2013 and references therein). This is another mystery since the protostar is
actually contracting and accreting material with large angular momentum so
that it should actually spin up. Somehow, jets might also be an attractive
way to get rid off the stellar angular momentum. Below, we review separately
each class of models, since they co-existed in the literature until recently.
6.1 Stellar winds
The first scenario invoked to explain the collimation of molecular outflows
is based on a de Laval nozzle effect, due to the density gradient of the in-
terstellar medium, acting on a stellar wind (Canto, 1980). This is the YSO
equivalent of the Blandford and Rees (1974) twin exhaust model for AGN
radio jets. However, it was also soon realized that YSO jets carry away far
too much thrust and that they could not be radiatively driven (DeCampli,
1981). The other way to produce a stellar wind is to rely on magnetic accel-
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Figure 5: Sketch of the magnetized star-disk interaction within the Accretion
Powered Stellar Wind model. The stellar magnetic field truncates the disk
at Rt, assumed to be located inside the corotation radius, Rco. The disk may
have its own magnetic field, leading to the launching of an outer disk wind.
Inside Rt, disk material is lifted towards the star but a fraction of it is ejected
away. Credit: Matt and Pudritz (2005).
eration. It was also known, since Chan and Henriksen (1980) and Blandford
and Payne (1982), that large scale magnetic fields would not only accelerate
loaded material, but also provide a hoop stress leading to self-confinement,
conveniently taking care of the jet collimation issue.
The idea of magnetic braking by a stellar wind is now very familiar (Mestel
and Spruit, 1987). Schatzman (1962) already pointed out that “if gas emitted
from a star is kept corotating with the star by the magnetic torques out to
large distances, it will carry off far more angular momentum per unit mass
than gas retaining the angular momentum of the stellar surface”. This is the
reason why using a magnetized stellar wind to spin down a protostar was one
of the first ideas to come to mind. Unfortunately, the low rotation rate of
T Tauri stars forbids any efficient centrifugal acceleration and some ad-hoc
Alfve´nic turbulent pressure must be invoked to lift material away from the
protostar (Hartmann and MacGregor, 1982). However, such a model had
severe difficulties in explaining YSO jet mass losses and this idea has been
discarded for quite some time.
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The revival of stellar winds occurred with the Accretion Powered Stellar
Wind (APSW) model of Matt and Pudritz (2005). In this scenario, the stellar
magnetic field (assumed dipolar) threads the accretion disk and leads to the
formation of accretion funnel flows (see Fig.5). Because of magnetospheric
stresses, the disk material is deflected away from the equatorial plane and falls
towards the protostar along the dipolar field, leading to an accretion shock.
The main assumption of the model is that a fraction of the mass and its
associated accretion energy is actually deflected away along open polar stellar
field lines, giving rise to an enhanced stellar wind. In principle, such a model
is consistent with the observed accretion-ejection correlation and provides
efficient magnetic braking. Allowing for protostellar contraction, Matt et al.
(2012) computed the evolution of stellar spin subject to an exponentially
decreasing rate of accretion with time and showed that, for some parameters,
it is possible to achieve low rotation rates over typical TTS lifetimes (1 to 3
Myrs).
This would require however mass loss rates in APSWs comparable to
those inferred in YSO jets, implying that YSO jets are mostly made of mate-
rial ejected from the protostar, in contradiction with jet kinematics (Ferreira
et al., 2006; Cabrit, 2007). Moreover, the model has a theoretical drawback
summarized in the expression ”you can’t have your cake and eat it”. AP-
SWs tap accretion energy, so the more massive they are the more energy
they need. Each watt an APSW consumes, is a watt that is not being ra-
diated away in the UV in the accretion shock (assuming a 100% conversion
efficiency). Since UV luminosity provides a proxy for the disk accretion rate,
tapping this energy while maintaining the same UV emission implies that
even more mass is actually being accreted onto the protostar. This enhances
the spin up torque which, in turn, would require a larger spin down from the
APSW. It can be proven that such a situation does not converge for some
objects (Zanni and Ferreira, 2011).
APSWs are thus unlikely to be the main mechanism providing the re-
quired spin down torque for TTS. Although they cannot represent the main
component of YSO jets, they probably fill in the jet axis, leading to some
interaction with the surrounding jet medium (see eg Meliani et al. 2006).
6.2 Outflows from the star-disk interface
In 1988, F. Shu and collaborators proposed the X-celerator mechanism for
YSO jets, where the protostar is assumed to rotate at break up speeds (Shu
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Figure 6: Sketch of the X Wind in a typical Class II system. In this star-disk
interaction model, the stellar magnetic field is the only relevant one, trun-
cating the disk at a radius RX assumed to be the corotation radius. Stellar
field lines below RX enforce corotation with some disk material, leading to
infalling funnel flows. Field lines that would have thread the disk beyond RX
are assumed to have either open up and disconnect from the star, leading
to some highly localized wind from the disk (X-wind), or have inflated and
remain still connected to the star (massless magnetized corona). Credit: Shu
et al. (1994).
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et al., 1988). The double goal sought by this scenario is to explain YSO jets
while simultaneously braking the spin of the protostar. The disk material
would reach the star at the equatorial plane and enforce the dipolar stellar
magnetic field to open up, leading to centrifugal ejection from the disk mid-
plane. But this early model was put aside as it became clear that TTS only
rotate at typically 10% of their break up speed.
The X-wind scenario, as put forward by Shu et al. (1994) with its various
extensions (eg Cai et al. 2008 and references therein), is an enhanced version
of the same idea (see Fig.6). More precisely, X-winds should be the domi-
nant component in YSO jets (in terms of appearance, mass flux and power)
while carrying away enough angular momentum so that the star is not being
spun up by the accreting material (zero net torque condition, protostellar
contraction neglected). In the X-wind paradigm, the stellar magnetic field
is the only relevant large scale magnetic field present in the system. It trun-
cates the accretion disk at the corotation radius2 leading to the formation
of accretion funnel flows. However, a fraction of the stellar magnetic field is
assumed to open-up and diffuse beyond the co-rotation radius. Then, from
what is assumed to remain a point-like source around the co-rotation radius,
a magnetized wind is expected to form and carry away all the angular mo-
mentum of the accreting material and a significant fraction of the incoming
mass.
Because of its elegance, this steady-state jet model had a huge impact
on the YSO community. However, it turned out to suffer several severe
drawbacks. First, YSO jet kinematics were shown to be inconsistent with
published X-wind calculations. For instance, the observed range and steep
radial decline of poloidal speeds could not be explained with the chosen
Alfve´n surface shape (Ferreira et al., 2006; Cabrit, 2007). Second, the condi-
tions required on the underlying disk (used as a boundary condition) turned
to be quite extreme. According to this scenario, material accreted onto the
star via funnel flows leaves its angular momentum at the base of the funnels,
i.e. inside the co-rotation radius. In order for the X-wind to carry away all
the excess angular momentum, some unknown outward (viscous) transport
process must be invoked. This is rather unrealistic and probably explains
why X-winds have never been obtained so far in MHD star-disk numerical
simulations (Ferreira and Casse, 2013).
2The corotation radius is the cylindrical distance where the stellar rotation rate is equal
to the local Keplerian rotation rate.
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C. Zanni and J. Ferreira: MHD simulations of accretion onto a dipolar magnetosphere. II.
Fig. 2. Temporal evolution of the periodic inflation/reconnection process which characterizes the dynamics of the magnetospheric ejections in
case C03. We show logarithmic density maps with sample field lines (white solid lines) and poloidal speed vectors (blue arrows) superimposed.
The yellow solid lines follow the evolution of a single magnetic surface showing clearly the dynamics of the phenomenon. Time is given in units
of rotation periods of the central star.
Table 2. Magnetic flux distribution in the star-disk system.
C1 C03 C01 (acc.) C01 (pro.) E1
ΦSW/Φ⋆ 0.052 0.066 0.091 0.109 0.091
ΦME/Φ⋆ 0.023 0.035 0.039 0.053 0.009
ΦCD/Φ⋆ 0.269 0.180 0.135 0.102 0.239
ΦMC/Φ⋆ 0.656 0.719 0.735 0.736 0.661
ΦAC/Φ⋆ 0.194 0.135 0.087 0. 0.152
S AC/S ⋆ 0.110 0.075 0.049 0. 0.088
Rt/R⋆ 1.9 2.7 3.0 4.4 2.5
Rcm/R⋆ 2.7 3.7 3.8 4.7 11.9
Rom/R⋆ 3.1 4.7 4.2 5.7 15.1
for this outflowing component to play a relevant role, as is shown
in Sect. 3.3. Finally, the inflation at mid-latitudes of the dipolar
field lines is very dynamic, and it is accompanied by outflows
that can in principle extract mass, energy, and angular momen-
tum from both the disk and the star. On a relatively large scale
(10–20 R⋆, see Fig. 2), these ejections detach from the mag-
netosphere in a reconnection event and continue their propaga-
tion as magnetic islands disconnected from the central part of
the star-disk system, in between the open magnetic surfaces an-
chored into the star and those anchored into the disk. In the fol-
lowing we refer to this type of outflow associated with the pro-
cess of inflation/reconnection of the magnetospheric field lines
as magnetospheric ejections (MEs).
The different regions outlined in Fig. 1 can also be charac-
terized by the amount of poloidal magnetic flux that participates
in each of them. In Table 2 we show, for all the discussed cases,
the fraction of magnetic flux Φ =
∫
Bp · dS which crosses each
region relative to the total stellar flux through one hemisphere,
Eq. (6): we display the stellar wind flux ΦSW, also equal to the
open magnetic flux of the disk wind, the MEs flux ΦME, the flux
of the connected disk ΦCD, and the flux contained in the mag-
netic cavity inside the truncation radiusΦMC. Obviously we have
ΦSW + ΦME + ΦCD + ΦMC = Φ⋆. Since not all the field lines
steadily connecting the star to the disk are mass-loaded to form
the accretion funnels, we also show the amount of magnetic flux
threading the accretion columnsΦAC, which is clearly equal to a
fraction ofΦCD, and the corresponding surface covering fraction
S AC/S ⋆. To give an indication of the size of the different inter-
action regions, we also provide the position of the disk trunca-
tion radius Rt, the anchoring radius Rcm of the outermost steadily
connected magnetic surface (labeled as (b) in Fig. 1), and the
anchoring radius Rom of the innermost open magnetic surface
(labeled as (c) in Fig. 1) at the disk midplane. While the magnetic
flux is frozen into the stellar surface, its distribution can change
on the disk midplane. Different estimates have been made for
the accretion and propeller phases of case C01 (see Sect. 4.2).
Besides providing a clear indication of the relative importance
of the different dynamical components, these quantities can be
directly compared to the predictions of other models, such as the
X-wind.
3.1. Dynamical properties of magnetospheric ejections
We now characterize the properties of the MEs by inspecting
their mass, angular momentum, and energy fluxes. By defin-
ing a surface S perpendicular to the poloidal flow, these are
respectively defined as
˙M =
∫
S
ρup · dS (9)
˙J =
∫
S
(
rρuφup − rBφBp4π
)
· dS (10)
˙E =
∫
S
[(
1
2
ρu2 +
γP
γ − 1 −
GM⋆
R
)
up + E × B
∣∣∣
p
]
· dS. (11)
As already pointed out, this type of ejection can exchange mass,
angular momentum, and energy with both the star and the disk.
We can therefore define different contributions to the budget of
the MEs. Taking for example the mass flux, we can estimate the
stellar mass input as
˙MME,s = 4πR2⋆
∫ θb
θa
ρuR sin θ dθ, (12)
where θa and θb are the anchoring angles onto the stellar surface
of the lowest open and the outermost, steadily closed magnetic
surfaces, respectively, labeled as (a) and (b) in Fig. 1. The disk
contribution can be calculated as
˙MME,d = −4π
∫ Rout
Rin
ρ+u+p rdr, (13)
where Rin and Rout are the anchoring radii at the disk sur-
face of the outermost steadily closed magnetic surface and
the innermost open field line threading the disk, labeled as
(b) and (c) in Fig. 1, whose footpoint radii at the disk mid-
plane are Rcm and Rom, respectively (see Table 2). These
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Figure 7: Temporal evolution of the periodi d namical proc ss s leadin to
magnetospheric ejections. Time is given in units of the rotation period of
the star, background colors are logarithmic density maps, white solid lines
are sampled field lines, blue vectors show the poloidal speed. The yellow
solid lines allow us to follow how the system evolves with . As long
as these field lines remain connected to both the star and the disk, angular
momentum is being transferred from these two sources to plasma that is
magneto-centrifugally ejected (as in a slingshot). This leads unavoidably to
magnetic reconnection and plasmoid ejection, channelled between the inner
stellar wind and the outer disk wind. Credit: Zanni and Ferreira (2013).
2-D and 3-D nume ic l simulati ns of the star-disk interaction show that
the disk truncation radius is always found to be smaller than the co-rotation
radius when accretion takes place (e.g. Romanova et al. 2002; Bessolaz et al.
008; Zanni and Ferreira 2009; Romanova et al. 2012 to cite only a few).
However, some of these simulations do show the presence of ejecta from the
disk truncation radius, although these events cannot be described within a
steady-state MHD jet frame ork (Goodson et al., 1997; Romanova et al.,
2009; Zanni and Ferreira, 2013). The latter authors showed that th se mag-
n tospheric ejections (referred to s MEs and see Fig.7) have two major ef-
fects. First, they provide a strong spin down torq e on both the star and the
underlying disk, so that the combination of MEs and the inner stellar wind
could indeed le d to the long aw ited spin down torque on the star. Second,
since these MEs are plasmoids resulting from reconnection episodes, they
propagate almost ballistically and could not represent, alone, the YSO jet
phe omenology. At best, they would be an additional, intermittent, plasma
component flowing inside a narrow channel delimited between two quasi-
steady MHD flows, amely the inner (on the axis) stellar wind and the outer
disk wind.
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6.3 Disk winds and their link to accretion
For quite a long time after the seminal paper of Shakura and Sunyaev (1973),
the theory of accretion disk was only based on hydrodynamics and magnetic
fields played no role. Plasmas in circumstellar accretion disk were assumed to
behave like a neutral fluid, subjected to some turbulence that would (hope-
fully) provide the required anomalous viscosity. On the other hand, people
working on astrophysical jets soon realized that self collimation can only be
obtained if large scale magnetic fields are present, requiring the use of magne-
tohydrodynamics (Chan and Henriksen, 1980; Blandford and Payne, 1982).
This led Pudritz and Norman (1986) to suggest bipolar outflows are magnet-
ically driven winds emitted from the surface of the molecular disk, providing
a torque and leading to accretion. Thus, instead of being evacuated radially
by some yet unknown turbulence, the disk angular momentum is transported
vertically in the bipolar jets.
The first tentative attempt to couple the Blandford and Payne (1982)
MHD jet model to the outer regions of a circumstellar accretion disk was
made by Konigl (1989). Indeed, since jets exert a torque on the underlying
disk, both its radial and vertical structures must be affected. Moreover, bipo-
lar jets require the existence of a large scale vertical magnetic field threading
the disk everywhere or only in the (probably) innermost region. This early
work was then followed by many more efforts, of increasing complexity as
regards disk-jet interrelations, (Ferreira and Pelletier, 1993, 1995; Li, 1995;
Ferreira, 1997; Casse and Ferreira, 2000; Ogilvie and Livio, 2001; Jacquemin-
Ide et al., 2019) or in the inclusion of non-ideal MHD effects within the disk
(Wardle and Ko¨nigl, 1993; Li, 1996; Salmeron et al., 2011).
In parallel to these analytical approaches, huge efforts have been made
to provide numerical MHD simulations of jets emitted from accretion disks.
The first attempts did not take the disk into account and computed the jet
acceleration and propagation with some fixed boundary conditions at the
base (Ouyed and Pudritz, 1997a,b; Krasnopolsky et al., 1999, 2003; Ouyed
et al., 2003). Such a ”platform” approach is very promising for studying the
jet collimation issue, allowing for instance to relate jet asymptotic properties
to the radial distributions of jet mass loss and disk magnetic field that are
imposed at the base (Anderson et al., 2005; Pudritz et al., 2006; Fendt, 2006),
up to observable scales (Staff et al., 2010; Ramsey and Clarke, 2011; Staff
et al., 2015). However, since the disk is not computed there is no feedback
from the jet on the underlying disk structure, leaving thereby too much free-
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6 Stepanovs & Fendt
time, the diffusivity distribution is described only as an
initial condition.
In a previous publication (Sheikhnezami et al. 2012;
Fendt & Sheikhnezami 2013) we have in particu-
lar investigated how the diffusivity profile affects
jet launching and in particular mass loading. In
Fendt & Sheikhnezami (2013) we have suggested a new
time-dependent model for magnetic diffusivity that de-
pends from the local disk pressure and magnetization. In
particular the time evolution of the magnetic diffusivity
has been shown.
On the other hand, the application of a diffusivity pro-
file constant in time may have its caveats. That is that
the disk may vertically shrink (quantified by the thermal
disk height HT(r, t)), while the diffusivity remains ver-
tically fixed with a fixed scale height for the diffusivity
profile H . This may have a strong effect on the mass
loading and, thus, on the jet dynamics.
A strong disk magnetic field may compress the disk
hydrodynamic structure, however, this also depends on
the field curvature and not only on the field strength.
Direct simulations of disk turbulence have shown that
the disk turbulent diffusivity profile may indeed extend
beyond the thermal scale height (Gressel 2010).
In summary, we believe that our choice of diffusivity
indeed provides physically meaningful results. We see as
an advantage of our diffusivity profile that we may con-
trol its functional form during the simulation at any time.
We thus know its spatial distribution and may disentan-
gle physical effects that depend on the local value for the
diffusivity. Our diffusivity profile allow for a more stable
simulation, as it allows for mass accretion and jet mass
loading also when the disk thermal scale height becomes
low.
From the simulations in the literature cited above, it
becomes not clear, how the diffusivity profile actually
looks like during the time evolution. In particular, when
the thermal disk height becomes small, numerical diffu-
sivity may affect the physical diffusivity such that the
initially chosen functional form of diffusivity may actu-
ally not hold. We also believe that the grid resolution
is usually not sufficient to allow for a physical treatment
of the feedback between the disk midplane Alfve´n veloc-
ity and the vertical profile of the disk turbulence that
governs the magnetic diffusivity.
3.4. Simulation parameters
The magnetic diffusivity η = αmf(R,Θ) consists of
the magnetic diffusivity parameter αm that defines its
strength and a function for the profile f(R,Θ) (see
above). The anisotropy parameter is chosen χ = 0.5.
In general the magnetic diffusivity also defines the trend
for the disk magnetization - magnetic field amplification
by advection versus magnetic field decline by diffusion7.
The resulting magnetization - measured as a snapshot in
time - determines the actual launching conditions.
The magnetic diffusivity parameter αm turns out to
be crucial for obtaining a quasi-steady state solution. As
discussed in paper I, there is a critical magnetic diffusiv-
7 This balance can be denoted by the magnetic Reynolds num-
ber ReM ≡ V L/η that relates dynamical and diffusive effects by
comparing typical velocities V and length scales L to the diffusivity
η.
Figure 1. Typical structure of the disk-jet system at T = 10, 000
(top). Colors show logarithmic density. Thin black lines show the
magnetic field lines. Thick dashed lines, rooted at r = 1.1 and
r = 1.5, mark the jet region, investigated further in the paper.
Lines mark the disk surface (black), the sonic surface (red) the
Alfve´n surface (white), and the fast surface (dashed white). The jet
sheet further investigated below is indicated by dashed black lines.
The time evolution of the disk mass included within increasing
radius decreases with time (below).
ity parameter αm such that for our standard diffusivity
prescription the diffusive and advective processes are in
balance.
For our setup, we find that αm ≈ 1.6 is a good choice
for a smooth and long-term evolution of the simulation.
However, a slight deviation from the critical value for
the diffusivity parameter leads the simulation into a state
that is dominated by either diffusion or advection. As the
simulation progresses, this deviation amplifies (see paper
I) and the actual quantities of the disk change. Essen-
tially, this process allows us to investigate the disk-jet
evolution over a wide range of the actual disk magne-
tization µ = 2 × 10−4 − 3 × 10−0.5, since the magnetic
flux of the disk can be either advected inwards increasing
the disk magnetization, or it can diffuse out leading to a
lower disk magnetization.
When the actual disk magnetization is in the above
Figure 8: Close-up views on the disk of magnetized disk winds. Left: Self-
similar solution of an isothermal accretion-ejection structure (Ferreira, 1997).
Colours show the densi y, black solid lines show the streamlines and dashed
lines isocontours of the total velocity. In the resistive MHD disk (violet-
blue region), matter is mostly accreting and rotating (rotation slows down
vertically). Above the disk, plasma flows along the field lines (ideal MHD
regime) and is progressively accelerated. Right: Final output of a numerical
si ulation made by Stepanovs and Fendt (2016). Colours show the density,
t in black lines the poloidal magnetic field. The lines mark the disk surface
(black), the sonic surface (red) the Alfve´n surface (white), and the fast surface
(dashed white). It is striking to recover (away from the axis) c nical critical
surfaces in the final stat , as in analytical self-simil r studi s, from a time
dependent sim la ion. With kind permission of the authors.
22
dom on the imposed radial distributions (and no constraint on any possible
inconsistency). The first MHD simulations that computed simultaneously
the accretion disk and their jets are due to Casse and Keppens (2002, 2004).
Building upon the analytical results on the disk-jet interrelations found by
Ferreira (1997), they obtained super fast-magnetosonic jets using an α pre-
scription for the turbulent disk. Their results have then been extended by
other groups using different MHD codes (Zanni et al., 2007; Tzeferacos et al.,
2009; Murphy et al., 2010; Sheikhnezami et al., 2012; Tzeferacos et al., 2013;
Stepanovs and Fendt, 2016). Figure 8 provides an illustration of such find-
ings. More recently 3-D MHD simulations of accretion and jet launching
have been performed not only from single YSOs but also from disks in bi-
nary systems (Sheikhnezami and Fendt, 2015, 2018). Here instabilities in the
disk and jet are seen such as disk spiral arms and warps or jet precession. In
turn this may lead to enhanced accretion rates.
The main caveat of these α-disk simulations is their possible inconsistency
with MHD turbulence, since all anomalous transport coefficients (viscosity,
magnetic diffusivity) are parametrized. Indeed, since the discovery of the
Magneto-Rotational Instability or MRI by Balbus and Hawley (1991), it is
known that magnetized accretion disks can sustain turbulence that acts ef-
fectively as a viscosity (see Hawley et al. 1995, Stone et al. 1996, Balbus
2003 and references therein). It thus became clear that magnetic fields were
also required in accretion disks, regardless of the jet phenomenon. MHD tur-
bulence in a vertically stratified disk needs to be properly followed to make
sure that simulations converge. Moreover, when a vertical magnetic field
is included (instead of a toroidal one), mass loss is systematically observed
from the disk surface and an outflow is obtained. As a consequence, the
size of the computational domain needs to be large enough so that bound-
ary conditions do not affect (or at least not too much) the outcome of the
simulation. These are the main reasons why early shearing box simulations
could hardly address MRI with a non zero net magnetic flux (see for instance
Lesur et al. 2013; Fromang et al. 2013; Bai and Stone 2013a and references
therein). Therefore, for quite a long time, the main focus of MRI studies was
only the measurement of the Shakura-Sunayev α parameter describing the
turbulent viscosity and the influence of non-ideal MHD effects.
The presence of MRI relies on a small degree of ionization being present
in the disk, so that in the outer cold regions the magnetic field is essentially
coupled to the neutrals through ion-neutral collisions. It turns out that the
MRI becomes quenched in the presence of non-ideal MHD effects, such as
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ambipolar diffusion (ion-neutral drift) and the Hall effect (ion-electron drift),
both terms that are present whenever the plasma is not ionized enough (Gam-
mie, 1996; Bai and Stone, 2013b; Lesur et al., 2014). In addition expected
sources of ionization, for example low and moderate energy galactic cosmic
rays (ECR ≤ 1 GeV), cannot penetrate very far into a disk and may even be
excluded by the strong magnetosphere of a young star (Cleeves et al., 2013).
That said high energy particles generated by the young star itself may at least
assist ionization in the inner regions of the disk (Rodgers-Lee et al., 2017).
Nevertheless, in regions that are both too cold for collisional ionization and
too dense for cosmic ray or radiative UV-X ionization, such as the disk mid-
plane, no MRI can be triggered. As a consequence no “viscously′′ driven
accretion can take place, leading to the concept of ”dead zones” (Gammie,
1996). Early simulations did not include non-ideal MHD effects, but when
included these confirm the difficulty of providing viscosity through MRI gen-
erated turbulence (e.g. Bai, 2015), or even directly using multi-fluid simula-
tions (O’Keeffe and Downes, 2014).
However, as already pointed out in Gammie (1996), MRI could remain
active within thin layers close to the disk surface, thanks to cosmic rays ion-
ization for instance. The existence of equatorial ”dead zones” with upper and
lower layers of MRI-driven accretion were thus thought to be characteristic
of YSO disks, leading possibly to planet formation. This paradigm however
proved unfruitful when it was realized that layered MRI-driven accretion
could not properly account for the observed accretion rates in TTS (Bai,
2011). Moreover, high spectral resolution observations, at least of the outer
zones (tens of au) of disks with ALMA also show no evidence for the expected
turbulence (Flaherty et al., 2018). Thus both simulations and observations
suggest one should look for an alternative to MRI generated turbulence as
the source of viscosity, and hence accretion, in the outer parts of accretion
disks.
One way out of this dilemma is to rely on an additional mechanism,
such as magnetized winds, to redistribute angular momentum. Moreover,
magnetised winds are naturally obtained when a large scale vertical field is
present in the disk (Suzuki and Inutsuka, 2009; Fromang et al., 2013; Bai
and Stone, 2013a). Such a situation has been carefully avoided in early MRI
numerical studies, because of the unfortunate tendency of these codes to
crash. Global 3-D MHD simulations are thus best suited to address MRI with
vertical Bz field, but achieving reliable simulations of this kind is a herculean
task, that has only been tackled quite recently (Suzuki and Inutsuka, 2014;
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Gressel et al., 2015a; Be´thune et al., 2017; Zhu and Stone, 2018; Wang et al.,
2019).
A fair statement on the current consensus on YSO disks, is that a large
scale vertical magnetic field is now invoked everywhere, not only to explain
jet formation but also to explain accretion onto the central star (Bai, 2011;
Bai et al., 2016; Scepi et al., 2018). In some sense, magnetized winds and jets
are the main agent allowing accretion in YSO circumstellar disks and not,
as thought for a long time, a mere epiphenomenon (e.g. Pudritz and Ray,
2019). The presence of such a large scale field could also be responsible for
features such as gaps and rings seen with ALMA (Suriano et al., 2018).
The lack of ionization beyond 1 au in YSO accretion disks has triggered a
wealth of studies on the effect of non-ideal MHD terms on the development of
the MRI and this is still a very active area of research. For instance, recent
stratified models, that include Ohmic and ambipolar diffusion only, have
shown that the disk could become essentially laminar (i.e. not turbulent) in
the mid-plane, with a strong magnetically driven outflow launched at the disk
surface (Bai and Stone 2013a; Gressel et al. 2015b and references therein).
The effects of including the Hall effect (which may become dominant between
1 and 10 au) remain uncertain, with some discrepancies between single fluid
(Lesur et al., 2014; Be´thune et al., 2016) and multi-fluid MHD simulations
(O’Keeffe and Downes, 2014). However, while relevant in outer regions of
protostellar accretion disks, innermost disk regions as well as disks around
active galactic nuclei and X-ray binaries are ionized enough to ensure non-
ideal MHD effects vanish. Under these circumstances, one needs to rely on
another source for diffusion, which can only be MHD turbulence itself.
Although a large scale vertical magnetic field remains the unavoidable,
albeit invisible, main ingredient for jet launching, thermal effects could still
play a major role. As first proposed by Casse and Ferreira (2000), UV-X illu-
mination from the central regions could heat up the surface layers of the outer
parts of the accretion disks, leading to strong magneto-thermal disk winds.
Such a situation could be generic to accretion disks threaded by a large scale
vertical field, in AGN (Fukumura et al., 2010), YSOs (Bai et al., 2016; Wang
et al., 2019) and X-ray binaries (Chakravorty et al., 2016). It is slightly
ironic to realize that such a scenario has already been envisioned to explain
the ubiquitous low velocity emission of forbidden lines in YSOs (Kwan and
Tademaru, 1995; Kwan, 1997). The novelty is however the growing realiza-
tion of the existence of a magnetic flux threading the whole accretion disk.
Such a field could be a relic of the original infall, modified by the complex
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interplay between advection and diffusion (see Takeuchi and Okuzumi 2014
and references therein).
6.4 Are jets the prominent aspect of a multi-component
structure?
In essence then, the current consensus seems to favor magnetized disk winds
as the source of YSO jets. Such jets would be generated from the innermost
disk regions down to the disk truncation radius, where the disk magnetiza-
tion is expected to be highest. This launching zone is expected to exhibit
distinct features that could be observationally tested (Combet and Ferreira,
2008). There are however several aspects that cannot be easily explained
by these winds: jet asymmetries (Podio et al., 2011; Melnikov et al., 2009),
the range in jet time scales from months to hundred of years (Hartigan and
Morse, 2007; Agra-Amboage et al., 2011a)), the presence of a hot inner flow
(Edwards et al., 2003, 2006), a possible steady component seen in X-rays
(Gu¨del et al., 2005; Skinner et al., 2011; Bonito et al., 2011). Moreover, disk
winds are unable by nature to spin down the central star, which is also an
absolute requirement. The global picture is therefore more complex than just
magnetized disk winds.
A simple explanation could be that jets are only one component of a much
broader, multi-component, MHD structure harboring:
i a warm stellar wind on the axis, emitted from the star and partly powered
by the accretion shock;
ii surrounded by a radially stratified disk wind (going from fast inner jets
to outer massive and slow magneto-thermal winds),
iii with time dependent magnetospheric ejections at the star-disk interface,
braking down the star and producing internal jet shocks.
7 Distinguishing Between Models for Jet Launch-
ing: The Hunt for Jet Rotation
Of particular interest as a means of testing rival models for jet launching is
the observation, or lack thereof, of jet or outflow rotation. As emphasised
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already in the previous section, if jets are launched from a disk initially as an
MHD wind, then they must carry away angular momentum. Of course this is
true even in the case of stellar winds, the crucial difference is that the degree
of angular momentum transported is a function of the launch radius: winds
launched at larger radii, normally carry away more angular momentum than
those launched from smaller ones. This gives rise to an important difference
between outflows/winds launched say at the co-rotation radius, e.g. in the
X-wind model, in comparison to those generated at distances of several au
in a disk. The latter will contain more angular momentum flux per unit
mass. Of course for any reasonable density profile, a protoplanetary disk will
contain more angular momentum per unit mass in its periphery than towards
its inner radius. There is in fact a clear analogy here with the Solar System
where the Sun contains the bulk of the mass but the planets contain most of
the angular momentum.
Observations of jet rotation can therefore give us clues as to where a jet
was launched from. Early searches for rotation were made with the Space
Telescope Imaging Spectrograph (STIS) on HST (Bacciotti et al., 2002; Cof-
fey et al., 2007). These were done as close as possible to the young star itself,
in order to minimize any chances of a rotation signature being confused with,
for example, the “buffeting” effects of the immediate environment. Moreover
high spatial resolution was consider very important as essentially one is try-
ing to distinguish differences in velocity laterally across a jet the width of
which was at most a fraction of an arcsecond (Dougados et al., 2000).
The need to look close to the source implied classical T Tauri stars with
jets, such as DG Tau, were optimum targets. In a MHD disk wind model, for
example, where the bulk of the jet is launched within approximately 1 au,
the jet can achieve a poloidal velocity of a few hundred kms−1. In such a
scenario however we would then expect velocities differences, from one side
of the jet to the other, of at most a few tens of kms−1as a result of angular
momentum transport. Although a number of claims of jet rotation have
been made using HST, alternative explanations for the findings have been
proposed including precession (Cerqueira et al., 2006) and asymmetrical jet
shocks (De Colle et al., 2016). Moreover the observations were in some cases
confusing with, for example, results suggesting the jet was rotating in the
opposite sense to the disk (e.g., Louvet et al., 2016). Such findings suggested
that either optical/near UV measurements are not an appropriate means of
detecting rotation in jets or alternatively the assumption of a steady-state
wind is not correct.
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Another means of achieving high spatial resolution, and even probing
the outflow region close to the source where extinction might be large, is to
use millimeter interferometry. Using this approach, observations of rotation
have been claimed for example in the large-scale molecular outflow from
Orion Source I with ALMA (Hirota et al., 2017). Perhaps the best example
of rotation observed to date in a molecular outflow is in HH 212 shown in
Figure 9. Here ALMA detected velocity gradients across the outflow within
approximately 100 au from the embedded YSO. While the sense of rotation
of all of the knots is the same, and mirrors that of the disk itself, the amount
of rotation observed is small. In fact by assuming conservation of angular
momentum along streamlines (Anderson et al., 2003) one can deduce that
the outflow originates from within ≈ 0.05 au. Such values are consistent with
either a close-in disk wind or even possibly an X-wind.
Evidence for jet rotation have been found in a number of other outflows.
These include DG Tau (Agra-Amboage et al., 2011b), , TMC 1A6 (Bjerkeli
et al., 2016) and HH30 (Louvet et al., 2018). In a number of cases such
observations suggest that the outflow originates on scales of a few au.
8 Exploring the Launch Zone Using Optical/NIR
Interferometers
As already stated, we still do not know, with a high degree of certainty, if jets
from young stars are launched in the form of a very strong stellar wind, from
the zone where the magnetosphere of the star interacts with the circumstellar
disk or from the disk itself. While we can get some clues from observing the
region where the jet reaches its terminal velocity (i.e. at tens of au) and,
in particular, from measuring its angular momentum content as explained
in Section 7, nevertheless imaging a jet on sub-au scales is clearly the best
approach if one is to decisively determine how, and from where, they are
launched. Moreover, it is not just spatial but velocity information that is
required since different models predict very different kinematic behaviour in
the vicinity of the launch zone. This type of data can only be obtained using
optical/near-infrared spectro-interferometry, where not only the continuum
from the disk but also line emission is spectrally and spatially resolved.
Until recently a combination of technical challenges ensured that op-
tical/NIR interferometers could only be used if the target is very bright
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Figure 9: ALMA observations of the launching region of the HH 212 outflow.
On the left we can see knots traced in SiO line emission while in red the
continuum emission due to dust is observed. The latter traces the disk as-
sociated with the HH 212 source. The sense of rotation of the disk is shown
on the right and the same sense of rotation is seen in the knots to the north
(N) and south (S) with blueshifted SiO emission to the right of each knot
and redshifted SiO emission to the left. From Lee et al. (2017) reproduced
with permission c○ Springer Nature.
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(e.g., Berger et al., 2012). Major improvements in their design however
have pushed the limiting magnitudes to the point where it is now possi-
ble not only to observe the immediate circumstellar environment of mod-
erately bright Herbig Ae/Be stars (intermediate mass young stars) in the
optical/near-infrared (Caratti o Garatti et al., 2015) but also cTTS (Grav-
ity Collaboration et al., 2017). Clearly to probe the jet on high resolution
scales an appropriate diagnostic line, or better still a combination of lines, is
required. Forbidden transitions, including those in the NIR, e.g., the [FeII]
1.64µm line, are unsuitable as their critical electron density is exceeded in
an outflow when exploring regions very close to the source. In the past per-
mitted HI lines (e.g. Hα, Paβ, and Brγ) were regarded solely as a measure
of magnetospheric accretion (e.g., Calvet et al., 2004; Natta et al., 2004, and
see Section 5). Nevertheless, we now know that such lines contain a mixture
of accretion and outflow signatures (e.g., Lima et al., 2010), i.e. they are
composite as demonstrated many years ago using spectro-astrometry (Whe-
lan et al., 2004). Thus permitted lines can be used to produce rudimentary
′′images′′ of the launch zone with an interferometer and may even ′′image′′ the
accretion zone if the interferometer has sufficiently high spatial resolution.
In this way the new generation of spectro-interferometric instruments,
such as GRAVITY and CHARA (Eisenhauer et al., 2011; Labdon et al.,
2019), given their high spatial (≈ a few milliarcseconds) and moderate spec-
tral resolution (R = λ/δλ up to a few thousand), as well as their higher
sensitivity, are starting to permit us to measure the extent, position and
velocity of the line emitting regions close to the source. In turn this allows
us to start to discriminate between the various theoreis for their origin as
the models (stellar, X- and disk-wind) predict the outflow emission to have
different initial spatial widths and kinematic properties.
For example, if disk wind theory is correct, then one expects to see line
emission, e.g. due to Br γ, from an extended region (up to a few au) strad-
dling the source in the disk plane, whereas if the X-wind model is closer
to reality this emission will be much more confined (several tens of stellar
radii). In both case very compact emission is also expected to coincide with
the star‘s magnetospheric accretion zone. Moreover, for lines that are spec-
trally resolved, it should be possible to determine spatial offsets from the
source as a function of velocity on sub-milliarcsecond scales. Potentially this
could reveal the changing kinematics of the gas as it is launched from the
star or disk. For example disk wind models predict a gradual change in ve-
locity (both in magnitude and direction) as the wind leaves the disk surface
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at quasi-Keplerian speeds and then accelerates towards the Alfve´n radius
(Ferreira, 2009).
As mentioned above, optical/NIR interferometry is most easily attempted
when the target is bright and so it is no surprise that Herbig Ae/Be stars
where the first YSOs to be studied in this way (e.g., Weigelt et al., 2011).
Interestingly extended, i.e. well beyond the expected co-rotation radius, Brγ
emission is found suggesting at least some of the flux comes from a disk
wind (Garcia Lopez et al., 2016) and similar results are found in the optical
regime (Perraut et al., 2016). While challenging in comparison to the bright
Herbig Ae/Be stars, studies with interferometers have been made of the much
fainter T Tauri stars. Early attempts, using a single baseline, revealed only
very compact line emission within the dust sublimation zone (Eisner et al.,
2014), and likely showed only the accretion component. More recent studies
however show that extended disk wind structures are present along with a
magnetospheric accretion component (Gravity Collaboration et al., 2017) and
that the disk wind can be dusty (Labdon et al., 2019). The wind component
however is only seen at the earliest phases and once the T Tauri star becomes
more evolved the accretion component is only observed (Bouvier et al., 2020,
, Garcia-Lopez et al., 2020, in press).
9 Future Observational Prospects
Over the next decade there are a number of new instruments coming online
that will no doubt make an impact on our understanding of the launching
and propagation of outflows from young stars. It is not possible in this review
to cover all of them in any depth. Instead we point out a few that we think
might be important.
We begin by mentioning the High Resolution Mid-InfrarEd Spectrome-
ter (HIRMES) which has been developed by NASA Goddard for the Strato-
spheric Observatory for Infrared Astronomy (SOFIA). HIRMES is optimized
to detect neutral atomic oxygen, water, as well as normal and deuterated hy-
drogen between 28 and 112µm (Richards et al., 2018). A primarily scientific
goal is to investigate the molecular and atomic gas content of protoplane-
tary disks as well as their ice features, e.g. at 43, 47 and 62µm. HIRMES,
however, also offers the possibility of probing atomic jets launched from em-
bedded systems using the [OI] 63µm line previously observed, for example,
using Herschel/PACS (see 3). Of particular interest is the fact that HIRMES
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has a medium (R ≈ 12,000) spectral resolution mode making it ideal to
study the kinematics of atomic jets from embedded sources in contrast to
Herschel/PACS. It is hoped to commission the instrument in early 2021.
At the time of writing, the launch of the James Webb Space Telescope
(JWST), scheduled for March 2021, is eagerly awaited. A number of guar-
anteed time programs, and no doubt some Cycle 1 time, will be devoted to
observing outflows from young stars as well as probing their circumstellar
disks. Both JWST’s high spatial resolution near-infrared camera and spec-
trograph, NIRCAM and NIRSPEC respectively, will be invaluable tools for
such studies. Of particular importance will be the work undertaken using
the Mid-Infrared Instrument (MIRI). MIRI has an integral field unit (IFU)
spectrograph covering the range from approximately 5µm to 28µm and with
a spectral resolution (λ/∆λ) of roughly 2,500. The combination of this and
its high spatial resolution in the mid-infrared, should make it a very valuable
instrument to probe not only conditions in YSO disks (within a few au from
the central object) but also of outflows from the most embedded sources
(e.g. jets from Class 0/I YSOs). Of note is the intention to map most of
the blue lobe of the HH 211 outflow (see 3) with the MIRI IFU, the source
itself, and some of its red lobe. This will require an extensive mosaic and
almost 20 hours of JWST time. Other embedded outflow sources will also be
mapped but with much smaller mosaics and in addition a large amount of
guaranteed time will be devoted to understanding disk evolution using MIRI.
In order to advance models for wind/jet launching from disks, and even
their parent stars, we need a handle on the magnetic field direction and
strength in the launch zone. In the case of the least embedded sources, and
normally this means weak-line T Tauri stars, we do have an idea of what
their surface magnetic field values are like from optical spectro-polarimetry
of both absorption and occasionally emission features in their spectrum (Hus-
sain and Alecian, 2014). Here average surface fields in the several kG range
are often seen and, somewhat surprisingly, the overall field structure is not
necessarily bipolar as sometimes more complex geometries are seen. Unfortu-
nately many of the sources studied to date are relatively evolved and lack an
outflow with the exception of AA Tau (Donati et al., 2010; Cox et al., 2013)
which possesses a faint jet discovered with HST. This situation however is
about to change. A new spectro-polarimeter however has become available on
the Canada France Hawaii Telescope (CFHT): known as SPIRou (Spectro-
Polarimeter Infra-ROuge) it will utilize the near-infrared part of the spectrum
to investigate not only more embedded, and hence less evolved, sources but
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also the inner zones of their associated disks. Since spectro-polarimetry ex-
ploits the Zeeman effect to measure magnetic fields, and the line separation
grows with λ2 all else being equal, it is easier to measure magnetic field value
in the NIR in comparison with the optical. Certainly a number of young
stars with outflows are being targeted as part of the SPIRou Legacy Survey
(Donati et al., 2018).
In the past few years it is becoming increasingly obvious that radio ob-
servations can give us valuable information on jets from young stars and, in
particular, their magnetic field geometry and even strength in those cases
where the emission is non-thermal. As stated earlier on, in part this is be-
cause of the increased sensitivity of radio interferometers. Of course the next
major advance at these wavelengths will come when the Square Kilometer
Array (SKA) and next generation VLA (ngVLA) enter service. With these
new facilities, we will be able to explore the jet launching zone with much
better spatial resolution than before and this will be important from the
point of view of distinguishing between various models for the collimation of
jets within tens of au from the source.
The higher sensitivity of the SKA and ngVLA may also allow us to hope-
fully employ a new diagnostic technique for imaging and kinematic purposes,
i.e. using radio recombination lines (RRLs) instead of the broadband contin-
uum that we now observe. RRL allow us not only to peer into the heart of
very embedded, and hence otherwise inaccessible YSOs, but also to under-
stand their dynamics (see, for example, Zhang et al., 2017). At present only
a few observations of RRL jet emission from massive young stars have been
reported and these are almost certainly contaminated with radio emission
from an underlying HII region (Jime´nez-Serra et al., 2013; Galva´n-Madrid
et al., 2018). The future however is bright!
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